Abstract-In this paper the effect the environment has on the the reflected light by a lock-in pixel method, taking four SwissRanger SR3000 Time-Of-Flight camera is investigated. The measurement samples 900 apart for every period [2] . From accuracy of this camera is highly affected by the scene it is these samples the returning signal is reconstructed and two pointed at: Such as the reflective properties, color and gloss. Also the complexity of the scene has considerable effects on images are generated: An intensity (gray scale) image derived the accuracy. To mention a few: The angle of the objects to from the amplitude of the signal and a range image (depth the emitted light and the scattering effects of near objects. In measurement per pixel) derived from the phase offset of the this paper a general overview of known such inaccuracy factors signal. The accuracy of the depth measurements is subject to error uncertainty factors. Specifically we give a better description of how a surface color intensity influences the depth measurement, due to many factors. On one hand internal effects such as and illustrate how multiple reflections influence the resulting noise of the sensor, diodes as well as the camera calibration. depth measurement.
* . INTrOUiOn multiple reflections -and reflective properties, etc. In the first The SwissRanger [1] camera is designed to be a cost-part of this paper an overview of related work in describing this efficient and eye-safe range finder solution.
uncertainty is presented. This is followed by experimental data illustrating the issue further, specifically with the SwissRanger SR3000. This simple taxonomy will be used to describe related work in the following.
A. "Internal" Effects Some errors originate from imperfections of the LED array Fig. 1 . The SwissRanger SR3000 Camera -e.g. seen in Fig. 1 -where inhomogeneities in the emitted near-infrared field disturb the measurement accuracy. This erBasically it has an amplitude modulated light source and a ror can be reduced by modelling it e.g. calibration, something two dimensional sensor built in a miniaturized package (see which has been improved considerably in the SR3000 design Fig. 1 (1) and achieve the highest accuracy. Averaging over multiple frames was also done to obtain higher accuracy. Here Rmax 2fL is 7.5m, the maximum distance derived A. Multiple Refection Experiment from the c, the speed of light and fmod the modulation frequency of the emitted light. I is explained mainly by two factors; the intensity offset due to background light and the active RF-modulated illumination. A is the amplitude of the reflected signal. This means that the physical dictated lower accuracy bound is strongly affected by the properties of the scene. To mention a few: the background light, which is suppressed by an optical filter as well as on-chip filtering, and the amplitude, A, which is affected by the distance to the object and its reflective properties. This lower accuracy bound of the sensor has been investigated and well documented by CSEM in [2] , [9], [10] . Here it is shown that the measured values from the camera are close to this physical limitation in certain given scenarios. In conclusion: for maximum range accuracy the offset must be minimal and the amplitude as high as possible. The environmental measurement uncertainties are more In the SR3000 manual [3] the multiple reflection or multidifficult to categorize than the internal effects, due to the great path artifact is mentioned, but no attempt is made to quantify variability of possible scenes. This is likely a reason for these it. A simple experimental setup is illustrated in Fig. 2 . Here effects not having been described in the same quantifying two measurements are made from the same camera position:
manner. First of two walls forming a corner then removing one of the Some of these effects are explained, in part, by Equation (1), walls leaving a single long wall. The point-clouds of the two i.e. how the reflectance properties have direct influence on A. measurements are shown in Fig. 3 . It is clear that the corner Other environmental errors are caused by false measurements setup is very distorted, i.e. the wall that is measured in both due to scattering and multiple reflection, which are even harder conditions is shifted between the two measurements, the corner to model well statistically. Some of these problems have been is very rounded and the angle between the walls is not 900. This effect has been explained by the sensor measuring however, needed to satisfactorily understand and deal with multiple reflections i.e. the emitted light that has bounced off these effects.
both walls before reaching the sensor. This is in turn unable
The multiple reflection problem has, to the best of our to discriminate between photons reflected along a shorter knowledge, only been dealt with very superficially. Thus this path and the longer path. This problem is hard to quantify will be an issue of the next section.
rigorously, again due to the great variability of possible scenes.
As mentioned the objects' reflection properties have an Our experiment however gives an intuitive idea of the impact impact on the measurement results. Highly glossy objects such of this effect. as glasses can cause saturation and color differences can result B. The Influence of Intensity on Depth in different depth estimates. Gudmundsson [4] showed the Sml osdrn qain()cudla n otikta effect of how black regions in a white plane were measured theroacmpnigvyngnestysrnd .Tiss as holes in the plane. This problem will also be further investigated in the following section.
1To our knowledge, never reported before.
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implies that depth measurements can be improved given the object's intensity. An intensity already supplied by the camera.
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Here a planar target with and without the texture of Fig. 5 is taken, Fig. 8 shows these two measurements. In Fig. 6 by the standard deviation, it is seen that the graphs are highly 02,0 00 > : \:; < correlated. This high correlation can be used to correct or improve
This measurement target has different gray scale patterns; different levels of the depth measurement by removing the bias. This is illusgray, linear and sinusoidal changes in levels of gray etc. trated in Fig. 9 where the standardized inverse intensity has simply been subtracted from the depth measurement which is afterwards shifted and scaled back to the nonstandardized not the case, as this experiment demonstrates. The uncertainty state resulting in a much lower noise level. Comparing the in fact also has a bias factor that is also proportional to minimum-maximum range divided by the mean distance gives the inverse intensity amplitude. This systematic error in turn the white plane's accuracy resolution of: 1.27%, the patterned 
IV. RESULTS AND SUMMARY
Here a survey regarding the uncertainty of the SwissRanger SR3000 has been presented. In addition two new experiments illustrating the matter are reported. One giving an intuitive feel for the impact of the multiple reflection problem, the other demonstrating that an object's intensity gives a systematic error on the depth measurements.
